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sensor signal from an oxygen sensor and a pressure signal
from a pressure sensor and to perform static pressure com-
pensation. A dynamic pressure compensation module
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to perform dynamic pressure compensation. A summing
module generates a compensated oxygen signal based on the
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1
STATIC AND DYNAMIC PRESSURE
COMPENSATION FOR INTAKE OXYGEN
SENSING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to U.S. patent application Ser.
No. 13/967,660filed on Aug. 15, 2013. The entire disclosure
of'the above application is incorporated herein by reference.

FIELD

The present disclosure relates to compensation of an oxy-
gen sensor signal due to changes in pressure, and more par-
ticularly to compensation of oxygen sensor signals for intake
manifolds and exhaust systems of vehicles.

BACKGROUND

The background description provided here is for the pur-
pose of generally presenting the context of the disclosure.
Work of the presently named inventors, to the extent it is
described in this background section, as well as aspects of the
description that may not otherwise qualify as prior art at the
time of filing, are neither expressly nor impliedly admitted as
prior art against the present disclosure.

Oxygen sensors may be used to sense a level of oxygen in
an intake manifold or an exhaust system of a vehicle. The
oxygen sensors help to determine an oxygen concentration or
composition of the intake or exhaust gas. However, the oxy-
gen sensors are typically sensitive to pressure changes. It can
be difficult to measure the oxygen in the intake manifold or
the exhaust system because the pressure dynamically varies
during operation. Whether the engine is naturally aspirated or
force fed, compensation may be performed on the output of
the oxygen sensor to compensate for pressure effects.

SUMMARY

An oxygen sensor pressure compensation system includes
a static pressure compensation module to receive an oxygen
sensor signal from an oxygen sensor and a pressure signal
from a pressure sensor and to perform static pressure com-
pensation. A dynamic pressure compensation module
receives the oxygen sensor signal and the pressure signal and
performs dynamic pressure compensation. A summing mod-
ule generates a compensated oxygen signal based on the static
pressure compensation and the dynamic pressure compensa-
tion.

In other features, a response rate matching module is con-
nected to the oxygen sensor, the pressure sensor, the static
pressure compensation module and the dynamic pressure
compensation module to match a response rate of the oxygen
signal and the pressure signal.

In other features, the response rate matching module
includes a first filter to receive the oxygen signal and a second
filter to receive the pressure signal. The first and second filters
are first order filters with different constants. The static pres-
sure compensation module includes a first lookup table to
convert the oxygen signal to an oxygen percentage signal and
a second lookup table to receive the pressure signal and to
generate a correction factor.

In other features, outputs of the first lookup table and the
second lookup table are input to a summer to generate the
static pressure compensation or a multiplier to generate the
static pressure compensation.
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In other features, the dynamic pressure compensation
module includes a first lookup table to receive the pressure
signal and to generate a derivative of the static pressure com-
pensation. A delay circuit receives the pressure signal. A
difference circuit receives an output of the delay circuit and
the pressure signal and generates a pressure difference. A
multiplier receives a constant, an output of the difference
circuit and an output of the first lookup table and generates the
dynamic pressure compensation.

In other features, a smoothing circuit performs smoothing
of'the compensated oxygen signal.

A vehicle includes an intake manifold and the oxygen
sensor pressure compensation system. The oxygen sensor and
the pressure sensor are arranged in the intake manifold.

A vehicle includes an exhaust system and the oxygen sen-
sor pressure compensation system. The oxygen sensor and
the pressure sensor are arranged in the exhaust system.

Further areas of applicability of the present disclosure will
become apparent from the detailed description, the claims
and the drawings. The detailed description and specific
examples are intended for purposes of illustration only and
are not intended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIGS. 1A-1C are graphs illustrating intake manifold pres-
sure and oxygen concentration as a function of time, oxygen
concentration as a function of intake manifold pressure and
oxygen concentration, and intake manifold pressure during
tip in and tip out;

FIGS. 2A-2C illustrate examples of the oxygen sensor
pressure compensating modules according to the present dis-
closure;

FIG. 3 is aflowchart illustrating an example of a method for
performing the oxygen sensor pressure compensation accord-
ing to the present disclosure;

FIG. 4 is a functional block diagram of an example of the
oxygen sensor pressure compensating module according to
the present disclosure;

FIG. 5 is a functional block diagram of an example of a
response rate matching module according to the present dis-
closure;

FIG. 6 is a functional block diagram of an example of a
static pressure compensation module according to the present
disclosure;

FIG. 7 is a functional block diagram of an example of a
dynamic pressure compensation module according to the
present disclosure; and

FIG. 8 is a functional block diagram of an example of a
smoothing module according to the present disclosure.

In the drawings, reference numbers may be reused to iden-
tify similar and/or identical elements.

DETAILED DESCRIPTION

Referring now to FIGS. 1A-1C, various graphs relating to
oxygen concentration and intake manifold pressure are
shown. FIG. 1A shows intake manifold pressure and oxygen
concentration as a function of time. FIG. 1B shows oxygen
concentration as a function of intake manifold pressure and
oxygen concentration. FIG. 1C shows intake manifold pres-
sure and intake manifold pressure during tip in and tip out.

As can be appreciated, FIGS. 1A and 1B demonstrate that
the output of the oxygen sensor is sensitive to both the oxygen
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molecular concentration (partial pressure of oxygen) and
total pressure. FIG. 1C shows that small changes in intake
manifold pressure can correspond to large changes in oxygen
concentration and that large changes in intake manifold pres-
sure may also correspond to small changes in oxygen con-
centration. Without dynamic compensation, the oxygen con-
centration jumps to a higher value during tip in. This may lead
to under-estimation of the exhaust gas recirculation percent-
age. Likewise, during tip-out the oxygen concentration goes
lower slower at first and then faster. This may lead to over-
estimating the exhaust gas recirculation percentage.

The present disclosure describes systems and methods for
compensating the pressure level for static and dynamic pres-
sure changes to improve the accuracy of the measurement of
the oxygen concentration.

Referring now to FIGS. 2A-2C, examples of an oxygen
sensor pressure compensating module 10 according to the
present disclosure are shown. In FIG. 2A, the oxygen sensor
pressure compensating module 10 receives an oxygen signal
02 and a pressure signal P and generates a compensated
oxygen signal O2 ., /-

InFIG. 2B, an example implementation is shown where the
oxygen sensor pressure compensating module 10 receives an
oxygen signal 02, from an oxygen sensor 12 and a pressure
signal P;,, from a pressure sensor 14. The oxygen sensor 12
and the pressure sensor 14 are arranged in an intake manifold
18 of a vehicle. The oxygen sensor pressure compensating
module 10 generates a compensated oxygen signal
O2s conr-

InFIG. 2C, an example implementation is shown where the
oxygen sensor pressure compensating module 10 receives an
oxygen signal O2 ;. from an oxygen sensor 22 and a pressure
signal P, ¢ from a pressure sensor 24. The oxygen sensor 22
and the pressure sensor 24 are arranged in an exhaust system
28 of a vehicle. The oxygen sensor pressure compensating
module 10 generates a compensated oxygen signal
025 _comr

In FIG. 3, an example of a method 100 performed by the
oxygen sensor pressure compensating module is shown. At
110, the oxygen sensor pressure compensating module mea-
sures the oxygen and pressure in the intake manifold (or
exhaust system). At 114, response rate matching is performed
for the pressure level and oxygen. At 116, static pressure
compensation is performed. At 120, dynamic pressure com-
pensation is performed. A compensated oxygen signal is gen-
erated based on the static and dynamic pressure compensa-
tion. At 124, smoothing of the compensated oxygen signal is
performed.

In FIG. 4, an example of an oxygen sensor pressure com-
pensating module 200 is shown to include a response rate
matching module 204, which performs response rate match-
ing of the pressure and oxygen signals. In some examples,
first order filters may be used. In some examples, the first
order filters use different filter constants.

The oxygen sensor pressure compensating module 200
further includes a static pressure compensation module 210
that communicates with the response rate matching module.
The static pressure compensation module 210 compensates
the oxygen signal for static pressure. In some examples, the
oxygen signal is compensated for static pressure based on
02, pe=O2p+F,,,,. where F_ 15 a correction factor. In
other examples, oxygen signal compensated for static pres-
sure or 02, =02, xF where F_ .. is a correction
factor.

The oxygen sensor pressure compensating module 200
further includes a dynamic pressure compensation module
214. The dynamic pressure compensation module 214 com-
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pensates the oxygen signal for dynamic pressure. In some
examples, the oxygen signal is compensated for dynamic
pressure changes based on 02, ,,.~KsAmap, whereAmap
is the change in pressure, K is a constant and s is a derivative
of' the static pressure compensation term.

Outputs of the static pressure compensation module 210 or
02, ,,. and the dynamic pressure compensation module
214 or 02, ,,. are input to a summing module 218, which
sums the inputs to generate O2;,,  .Insome examples, an
output of the summing module 218 1s input to a smoothing
module 222, which performs smoothing of the compensated
oxygen signal 02;,, copspe and generates O2,y, corp 5

In FIG. 5, an example of the response rate matching mod-
ule 204 is shown. The rate response matching module 204
includes a first filter 300 and a second filter 302. The first filter
300 may be a first-order filter that includes a delay circuit 304
and a calculating module model 306. The calculating module
306 receives the oxygen signal O2,,,, a delayed output of the
calculating module 306 and a filter constant K1 and generates
an output 02, .. In some examples, the first filter 300
multiplies the delayed output of the calculating module 306
by the filter constant K1. In some examples, the filter constant
K1 is between 0 and 1.

The second filter 302 may be a first-order filter that
includes a delay circuit 314 and a calculating module model
316. The calculating module 316 receives the signal P, a
delayed output of the calculating module 316 and a filter
constant K2 and generates an output P, ... In some
examples, the second filter 302 multiplies the delayed output
of the calculating module 316 by the filter constant K2. In
some examples, the filter constant K2 is between 0 and 1.

In FIG. 6, an example of the static pressure compensation
module 210 is shown. The static pressure compensation mod-
ule 210 includes a first lookup table 320, a second lookup
table 322 and a summer or multiplier 324. The first lookup
table 320 receives the adjusted intake manifold oxygen signal
02__,;; and outputs an intake manifold oxygen percentage
signal O2,,,,. The second lookup table 322 receives the
adjusted intake manifold pressure signal P, ,,, and outputs
a correction factor F .. The summer or multiplier 324 sums
the correction factor or multiplies the correction factor by the
intake manifold oxygen percentage signal 02, .

In FIG. 7, an example of the dynamic pressure compensa-
tion module 214 is shown. The dynamic pressure compensa-
tion module 214 includes a first lookup table 360 that gener-
ates a derivative of the static pressure compensation terms
based on the adjusted intake manifold pressure signal P7,, ;.-
A delay circuit 364 provides a delayed adjusted intake mani-
fold pressure signal P;,, . to a subtracting input of calculat-
ing circuit 366, which also receives adjusted intake manifold
pressure signal P, ... The calculating circuit 366 generates
an intake manifold pressure change orAmap, which is output
to multiplier 368. The multiplier 368 also receives a constant
K3. Outputs all the multiplier of 368 and the lookup
table 360 are input to multiplier 362, which generates
02, 4~ K3sAmap.

In FIG. 8, the summing module 218 sums the static pres-

sure 02, =02, +F ,,0r02;, ,=02,xF_  andthe
dynamic pressure 02, ,,.~K3sAmap to generate
02, con The smoothing module 222 generates

the filtered compensated intake manifold oxygen signal
02, conr r In some examples, the smoothing module
222 may include a filter 398 including a delay circuit 400 and
a calculating circuit 402. In some examples, the filter 398
multiplies the delayed output of the calculating circuit 402 by
the filter constant K4. In some examples, the filter constant
K4 is between 0 and 1.
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The foregoing description is merely illustrative in nature
and is in no way intended to limit the disclosure, its applica-
tion, or uses. The broad teachings of the disclosure can be
implemented in a variety of forms. Therefore, while this
disclosure includes particular examples, the true scope of the
disclosure should not be so limited since other modifications
will become apparent upon a study of the drawings, the speci-
fication, and the following claims. As used herein, the phrase
at least one of A, B, and C should be construed to mean a
logical (A or B or C), using a non-exclusive logical OR. It
should be understood that one or more steps within a method
may be executed in different order (or concurrently) without
altering the principles of the present disclosure.

In this application, including the definitions below, the
term module may be replaced with the term circuit. The term
module may refer to, be part of, or include an Application
Specific Integrated Circuit (ASIC); a digital, analog, or mixed
analog/digital discrete circuit; a digital, analog, or mixed
analog/digital integrated circuit; a combinational logic cir-
cuit; a field programmable gate array (FPGA); a processor
(shared, dedicated, or group) that executes code; memory
(shared, dedicated, or group) that stores code executed by a
processor; other suitable hardware components that provide
the described functionality; or a combination of some or all of
the above, such as in a system-on-chip.

The term code, as used above, may include software, firm-
ware, and/or microcode, and may refer to programs, routines,
functions, classes, and/or objects. The term shared processor
encompasses a single processor that executes some or all code
from multiple modules. The term group processor encom-
passes a processor that, in combination with additional pro-
cessors, executes some or all code from one or more modules.
The term shared memory encompasses a single memory that
stores some or all code from multiple modules. The term
group memory encompasses a memory that, in combination
with additional memories, stores some or all code from one or
more modules. The term memory may be a subset of the term
computer-readable medium. The term computer-readable
medium does not encompass transitory electrical and electro-
magnetic signals propagating through a medium, and may
therefore be considered tangible and non-transitory. Non-
limiting examples of a non-transitory tangible computer read-
able medium include nonvolatile memory, volatile memory,
magnetic storage, and optical storage.

The apparatuses and methods described in this application
may be partially or fully implemented by one or more com-
puter programs executed by one or more processors. The
computer programs include processor-executable instruc-
tions that are stored on at least one non-transitory tangible
computer readable medium. The computer programs may
also include and/or rely on stored data.

What is claimed is:

1. An oxygen sensor pressure compensation system, com-

prising

a static pressure compensation module configured to (i)
receive an oxygen sensor signal from an oxygen sensor
and a pressure signal from a pressure sensor, (ii) retrieve
a correction factor based on the pressure signal, and (iii)
apply the correction factor to the oxygen sensor signal to
generate a static pressure compensation signal, wherein
the static pressure compensation signal corresponds to a
static pressure as measured by the pressure sensor;

a dynamic pressure compensation module configured to (i)
receive the pressure signal, (ii) generate a dynamic pres-
sure compensation signal based on the pressure signal,
wherein the dynamic pressure compensation signal cor-
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responds to a change in the pressure signal from a pre-
viously received pressure signal; and

a summing module to configured to combine the static
pressure compensation signal and the dynamic pressure
compensation signal to generate a compensated oxygen
signal.

2. The oxygen sensor pressure compensation system of
claim 1, further comprising a response rate matching module
connected to the oxygen sensor, the pressure sensor, the static
pressure compensation module and the dynamic pressure
compensation module, wherein the rate matching modules is
configured to match a response rate of the oxygen signal and
the pressure signal.

3. The oxygen sensor pressure compensation system of
claim 2, wherein the response rate matching module includes
a first filter to receive the oxygen signal and a second filter to
receive the pressure signal.

4. The oxygen sensor pressure compensation system of
claim 3, wherein the first and second filters are first order
filters with different constants.

5. The oxygen sensor pressure compensation system of
claim 1, wherein the static pressure compensation module
includes:

a first lookup table to convert the oxygen signal to an

oxygen percentage signal; and

a second lookup table to receive the pressure signal and to
generate the correction factor.

6. The oxygen sensor pressure compensation system of
claim 5, wherein outputs of the first lookup table and the
second lookup table are input to:

a summer to generate the static pressure compensation

signal; or

a multiplier to generate the static pressure compensation
signal.

7. The oxygen sensor pressure compensation system of
claim 1, wherein the dynamic pressure compensation module
includes:

a first lookup table to receive the pressure signal and to
generate a derivative of the static pressure compensation
signal;

a delay circuit to receive the pressure signal;

a difference circuit to receive an output of the delay circuit
and the pressure signal and to generate the change in the
pressure signal, wherein the output of the delay circuit
corresponds to the previously received pressure signal;
and

a multiplier to receive a constant, an output of the differ-
ence circuit and an output of the first lookup table and to
generate the dynamic pressure compensation signal.

8. The oxygen sensor pressure compensation system of
claim 1, further comprising a smoothing circuit to perform
smoothing of the compensated oxygen signal.

9. A vehicle comprising:

an intake manifold, wherein the oxygen sensor and the
pressure sensor are arranged in the intake manifold; and

the oxygen sensor pressure compensation system of claim
1.

10. A vehicle comprising:

an exhaust system, wherein the oxygen sensor and the
pressure sensor are arranged in the exhaust system; and

the oxygen sensor pressure compensation system of claim
1.

11. A method compensating an oxygen sensor for pressure

variations, comprising

receiving an oxygen sensor signal from an oxygen sensor
and a pressure signal from a pressure sensor;

retrieving a correction factor based on the pressure signal;
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applying the correction factor to the oxygen sensor signal
to generate a static pressure compensation signal,
wherein the static pressure compensation signal corre-
sponds to a static pressure as measured by the pressure
sensor;
generating a dynamic pressure compensation signal based
on the pressure signal, wherein the dynamic pressure
compensation signal corresponds to a change in the
pressure signal from a previously received pressure sig-
nal; and
combining the static pressure compensation signal and the
dynamic pressure compensation signal to generate a
compensated oxygen signal.
12. The method of claim 11, further comprising matching
a response rate of the oxygen signal and the pressure signal.
13. The method of claim 12, further comprising using a first
filter to receive the oxygen signal and a second filter to receive
the pressure signal.
14. The method of claim 13, wherein the first and second
filters are first order filters with different constants.
15. The method of claim 11, further comprising:
using a first lookup table to convert the oxygen signal to an
oxygen percentage signal; and
using a second lookup table to receive the pressure signal
and to generate the correction factor.
16. The method of claim 15, wherein outputs of the first
lookup table and the second lookup table are input to:

10
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a summer to generate the static pressure compensation

signal; or

a multiplier to generate the static pressure compensation

signal.

17. The method of claim 11, further comprising:

generating a derivative of the static pressure compensation

signal;

delaying the pressure signal, wherein the delayed pressure

signal corresponds to the previously received pressure
signal;
generating the change in the pressure signal based on the
delayed pressure signal and the pressure signal; and

generating the dynamic pressure compensation signal
based on a constant, the change in the pressure signal,
and the derivative of the state pressure compensation
signal.

18. The method of claim 11, further comprising perform-
ing smoothing of the compensated oxygen signal.

19. The method of claim 11, further comprising arranging
the oxygen sensor and the pressure sensor are arranged in an
intake manifold of an engine.

20. The method of claim 11, further comprising arranging
the oxygen sensor and the pressure sensor are arranged in an
exhaust system of an engine.
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